
Journal of Chromatography B, 725 (1999) 17–37

Review

Physico-chemical and biological analysis of true combinatorial
libraries

a , b b b c* `J.A. Boutin , P.H. Lambert , S. Bertin , J.P. Volland , J.L. Fauchere
aDepartment of Molecular and Cellular Pharmacology, Institut de Recherches SERVIER, 125 Chemin de Ronde,

78290 Croissy-sur-Seine, France
b Department of Analytical and Physical Chemistry, Institut de Recherches SERVIER, 11 rue des Moulineaux, 92150 Suresnes, France

cDepartment of Peptide and Combinatorial Chemistry, Institut de Recherches SERVIER, 11 rue des Moulineaux, 92150 Suresnes,
France

Abstract

Combinatorial libraries offer new sources of compounds for the research of pharmacological agents such as receptor
ligands, enzyme inhibitors or substrates and antibody-binding epitopes. The present review stresses the main roles played by
both physico-chemical analysis, particularly when complex mixture of compounds are synthesized as libraries, and biological
analysis from which active compounds are identified. After a brief discussion of semantic problems related to the designation
of the product mixtures, the physico-chemical analysis of mixtures is reviewed with special emphasis on mass spectrometric
techniques. These methods are able both to give a representative view of a library composition and to identify single critical
compounds in large libraries. Then the biological screening of such combinatorial libraries is critically discussed with respect
to the power and limitations of the methods used for the identification of the active components. Special attention is given to
the complex process of library deconvolution. It is pointed out that while combinatorial techniques have evolved towards
sophisticated high-tech methods, simple and robust biochemical tests should be used to deconvolute. From a large panel of
published examples, a set of trends are identified which should help investigators to choose the most appropriate assay for
the discovery of new entities.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction as those laid out by Furka et al. [5] and Houghten et
al. [6]. When our group came into the field of

Contemporary medicinal chemistry greatly bene- combinatorial peptide libraries, we intended to syn-
fits from the methods recently developed for the thesize relatively small peptide libraries of tetra- to
multiple simultaneous synthesis of large numbers of hexapeptides, using a robotic instrument. To our
compounds from which hits, leads and finally candi- surprise, the characterization of the libraries de-
date drugs are identified. At each and every step of scribed in the literature was not an important topic.
drug discovery, a special niche for chemical analysis Nevertheless, we tentatively analyzed our libraries
is identified which plays a key role in the drug by several methods [7] and we are still considering
discovery process (Fig. 1). The wide variety of today that chemical analysis is a key point for the
synthetic methods generating a large molecular characterization of complex mixtures. The reasons
diversity in libraries of compounds is the core of for the analytical treatment of libraries being under-
combinatorial chemistry. regarded may lie both in the optimized conditions of

A word of warning is necessary, in the first place, peptide synthesis of which the success is taken for
about the nomenclature used in the recent literature. granted, and also in the complex analytical data
The term combinatorial is not used in a consistent obtained with product mixtures from which specific
way and refers often both to the production of information about the product distribution is difficult
collections of individual compounds and to that of to extract. This has even led to the statement that
compound libraries, i.e. of mixtures of structurally ‘mixture analysis methods are of little value for
related compounds [1–4]. Strictly speaking, the word interesting sized libraries’ [8]. By contrast, we tend
combinatorial should be confined to the description to show in this review that physico-chemical analysis
of synthesis procedures in which at least one step using modern and upcoming techniques is essential
produces one or several mixtures (generally called to characterize interesting size libraries and to check
libraries) of products by some randomizing process the matching of their expected to their experimental-
as this is typically the case in split synthesis de- ly observed composition.
scribed first by Furka et al. [5]. In contrast, parallel Another point of interest, surprisingly poorly
synthesis, although able to produce large number of considered in the literature, is the comparative power
compounds, does not lead to mixtures but to collec- of the biological screening tools used for the identifi-
tions often called arrays of products. The present cation of the active components in complex com-
short review deals with combinatorial libraries, such binatorial libraries. On the basis of a number of
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Fig. 1. Schematic representation of the various steps of modern drug discovery.

reported experimental studies, we tend to establish a ods corresponded to a blossom of publications. A
hierarchy of the biological testing systems as to their large number of papers described the discovery of
specificity and relevance for ligand identification in new biologically active ligands of enzymatic or
complex mixtures. receptor macromolecules. Some of the physical and

statistical limitations related to the size of the
synthetic libraries were also investigated by Zhao et

`2. Physico-chemical analysis of combinatorial al. [12] and by Boutin and Fauchere [13]. In the
libraries following section, we give an overview of the

analytical characterization of compound mixtures
Since the pioneering work of Geysen et al. [9], the such as those obtained by combinatorial methods,

synthesis and screening of peptide mixtures has with an emphasis on polyamide (peptide) libraries.
become a common procedure in many industrial and For the identification of the most active com-
academic laboratories. The first combinatorial synth- ponent(s) by deconvolution to be reliable, all ex-
eses of peptide mixtures using a mix and divide pected compounds must be present in equimolar
strategy (split synthesis) have been performed by amounts and free of side-products. Although peptide
Furka et al. [5], Houghten et al. [6] and Lam et al. libraries prepared by the the well-controlled Mer-
[10], and further developed after 1991 by many rifield solid-phase synthesis [14], some failure se-

`others (for a review, see Fauchere et al. [11]). The quences due to incomplete deprotection or incom-
initial enthusiasm for the possibility of screening plete coupling or to other side reactions can occur.
peptide mixtures using iterative deconvolution meth- However, as can be seen from Table 1 (column
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Table 1
Representative compendium of biologically tested combinatorial libraries

a c d f g,h iLibrary type Alpha Complexity Target Assay Deconvolution Hit Analysis References
b ebet type

1/PEPTIDES

Hexapeptide 19 34 012 224 Monoclonal antibody ELISA iSURF Ac-DVPDYA-NH2 None reported Houghten et al., 1991 [6]

Decapeptide 20 4 000 000 000 000 Anti-haemagglutinin Ab ELISA Positional scanning Ac-DDDDDVPDYA-NH2 AAA Pinilla et al., 1994 [15]

Tetrapeptide 19 130 321 anti b-endorphin ELISA Sequencing after orthogonal release YGGFG, YGVFG None Salmon et al., 1993 [16]

Tetrapeptide 19 6859 gpIIb / IIIa ELISA Sequencing after orthogonal release CRGDC, GARYC None Salmon et al., 1993 [16]

Pentapeptide 26 11 881 376 IgAC5 ELISA Positional scanning HFVQH None reported Bianchi et al., 1995 [17]

Octapeptide 19 14 000 000 RSV epitope ELISA None, sequencing HWYISKPQ Chargelegue et al., 1998 [18]

Pentapeptide 5 1024 b-endorphin ELISA Recursive YGGLL Erb et al., 1994 [19]

Hexapeptde (EXXXPX) 16 512 gp120 Antibody ELISA iSURF ESTRPM None reported Kerr et al., 1993 [20]

Pentapeptides 19 2 476 099 anti b-endorphin Ab ELISA None, sequencing YGGFL None reported Lam et al., 1993 [21]

Hexapeptide 10 1 000 000 PK99H ELISA Positional scanning EQFIPK None reported Wong et al., 1994 [22]

Pentapeptide 20 3 200 000 IL6 receptor ELISA Positional scanning EFLIW AAA Wallace et al., 1994 [23]

`Tetrapeptide 24 331 776 S-farnesyltransferase E iSURF HWTD NMR, MS Boutin and Fauchere, unpublished

Tetramers 19 65 431 Trypsin E iSURF xanthenyl(K/V/P/ I) ESI-MS Carell et al., 1995 [24]
hTetrapeptide 24 331 776 MMP E iSURF H-bal-Ahx-H NMR, MS Ferry et al., 1997 [25]

Cyclic undecapeptide (SCXXSXPPQCY) 20 8000 Chymotrypsin E None, direct analysis instead SCTYSIPPQCY None reported McBride et al., 1996 [26]

Cinnamyl tripeptide 5 125 Protein tyrosine phosphatase E None, radio frequency tagging Cinnamyl-GEL None reported Moran et al., 1995 [27]
hTetrapeptide 22 234 256 HIV protease E iSURF F-I-Sta-val None reported Owens et al., 1991 [28]

Hexapeptide 20 64 000 000 Prohormone convertase 1 and 2 E Positional scanning Ac-LLRVKR-NH2 None reported Apletalina et al., 1998 [161]

Pentadecapeptide 15 2 562 890 625 Serine protein kinases Es None, sequencing MAHHHRSPRKRAKKK AAA Songyang et al., 1994 [29]

(MAXXXXSXXXXAKKK)

Pentadecapeptide 15 2 562 890 625 Tyrosine protein kinase Es None, sequencing MAEEEIYGEFEAKKK AAA Songyang et al., 1995 [30]

(MAXXXXYXXXXAKKK)

Octapeptide 20 25 600 000 000 Protein kinase A Es iSURF Ac-RAERRASI-NH2 None reported Tegge et al., 1995 [31]

Heptapeptide (LXRASLG) 19 19 Serine protein kinases Es None, sequencing LRRASLG AAA, MS, Sequencing Till et al., 1994 [32]

Tridecapeptide (RRLIEDAXYAARG) 19 19 Tyrosine protein kinase Es None, sequencing RRLIEDAIYAARG AAA, MS, Sequencing Till et al., 1994 [32]
hTetrapeptide 28 614 656 S-farnesyltransferase E Positional scanning wm-fcl-Gla AAA Wallace et al., 1996 [33]

Heptapeptide 19 893 871 739 Protein kinase A E None, sequencing SQRRFST None reported Wu et al., 1994 [34]

Pentapeptide 19 2 476 099 Protein kinase A E None, sequencing RRYSV None reported Wu et al., 1994 [34]
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Analysis), a large number of successfully used of magnitude was observed for basic diamino acid
libraries reported in the literature, remain mostly xanthene derivatives [81]. In the latter study, the
uncharacterized. Obviously, the integrity of complex equimolarity was better estimated in the negative
mixtures of thousands of components can only be mode and a combination of both the positive and
partially demonstrated by analytical methods. Never- negative modes allowed the diversity of libraries
theless, existing methods perform well enough to containing dozens of components to be demonstra-
give a reasonable estimation of the success of the ted. The effect of the lack of one amino acid on
synthesis and the completeness of the sublibraries. some parameters of the mass distribution of peptide
Among them, as recently reviewed by Loo [76], libraries was also investigated [92]. The mass shift
mass spectrometry is certainly the method of choice between the average mass of a complete tetrapeptide
in terms of both sensitivity and specificity for such library constructed by using a set of 20 amino acids

4characterizations. The recent applications of mass (20 peptides, 381 different integer masses) and an
4spectrometry in the field of combinatorial chemistry incomplete one using a set of 19 amino acids (19

include the identification of compounds on solid- peptides, 381 different integer masses) was propor-
phase supports after detection of a biological activity tional to the difference between the mass of the
or binding affinity of resin-bound ligands [77]. In the excluded amino acid and the average mass of the
following sections, the discussion will be limited to whole set. Depending on the excluded amino acid
the analysis of combinatorial mixtures of compounds the theoretical mass shift varied from 214 to 115
(libraries) by these methods. Da. On the other hand, if an average-weight amino

acid, like Asp, is excluded, the mass shift is only 1
2.1. Low resolution mass spectrometry Da and cannot be reasonably estimated experimental-

ly. The effect of an incomplete synthesis resulting in
The analysis of combinatorial libraries by mass a mixture of tri- and tetrapeptides was examined in

spectrometry is generally performed by comparing the same study. The authors concluded that the
the experimental mass spectrum to the theoretical resulting shift of the mass average was appreciable
molecular mass distribution. The choice of the mode only for a significant fraction of tripeptides. To
of ionization is very important and some conditions illustrate this fact, we have calculated a simulated

3must be fulfilled for reliable results to be obtained. mass spectrum of a O1X2X3X4 library (24 tetra-
Ideally, to avoid fragmentations and uninterpretable peptides) for which the coupling step of X2 occurs
data, the ionization method should give a single and with a low yield of 20%, resulting in a mixture of
predictable ion, generally a once protonated or once tripeptides O1X3X4 and a mixture of tetrapeptides
deprotonated molecule, with a constant yield, al- O1X2X3X4. The poor quality of the mixed library is
though this criterion is never totally achieved ex- clearly reflected in the mass spectrum (Fig. 2). Even
perimentally. Amongst the possible ionization meth- if low resolution mass spectrometry is limited for
ods, electrospray (ESI) seems to be the most widely probing equimolarity or integrity of large libraries
used [47,78–90], but liquid secondary ion mass (e.g. cysteine oxidation), the mass spectra obtained
spectrometry (LSIMS) [7,91] as well matrix-assisted with soft ionization techniques can be considered a
laser desorption ionization (MALDI) can also give good representation of the diversity of the library and
good results [53]. The major limitation of this pitfalls in the synthesis resulting in mass shifts of a
simplest approach (ESI) is ionization efficiency dozen of Daltons (e.g. undeprotected peptides or
which is strongly dependent of the chemical nature, truncated peptides [88]), will easily be detected even
hydrophobicity and basicity of the candidate mole- for large peptides libraries.
cule [80,87]. For example, with LSIMS ionization,
the extreme basicity of arginine is responsible of the 2.2. High resolution mass spectrometry
ten-fold overestimation of Arg-containing peptides in
tetrapeptide libraries [7]. With ESI, where suppres- Fourier transform ion cyclotron resonance mass
sion effects are generally considered more effective spectrometry (FT–ICRMS) is the most powerful
than in LSIMS, an overestimation of the same order mass spectrometry technique in terms of resolution
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Fig. 2. Combinatorial library mass spectrum. a: Experimental ESI mass spectrum of the failed synthesis of library O1X2X3X4-NH2

(O15p-nitrophenylalanine, and X any of a set of 24 common amino acids) showing three areas; 3 – mass range of protonated tetrapeptides
O1X2X3X4-NH ; 2 – mass range of protonated tripeptides O1X3X4-NH ; 1 – mass range of doubly protonated tri- and tetrapeptides. b:2 2

Calculated m /z distribution of protonated peptides for an equimolar and complete tetrapeptide library. c: Calculated m /z distribution of
protonated peptides for a mixture of tri- and tetrapeptides libraries assuming that the coupling step of X2 occurs with a yield of 20%.

and mass accuracy. The specificity of mass spec- instrument) is necessary to resolve some multiplets
3trometry can be greatly enhanced, by increasing from larger libraries containing 19 tripeptides [88].

resolution which allows to check in detail mass
diversity and degeneracy of libraries. Blom [93] has 2.3. Tandem mass spectrometry (MS–MS)
calculated that for a 12396 non-peptide library a
mass accuracy of 5.2 ppm is necessary to reach the Another way to increase the specificity of mass
maximum specificity (i.e. the fraction of components spectrometry is the use of tandem mass spec-
which can be separated by mass spectrometry). For a trometry. When predictable and general reactions of
more diverse 1239636 library, for which the maxi- ions occur, they can be monitored by product or
mum specificity is around 33%, a mass accuracy of precursor ion, or by neutral loss scanning, to spe-
4.2 ppm is needed. In both cases, the maximum cifically detect a particular class of reacting ionized
reachable specificities decrease rapidly with decreas- compounds. For example, protonated arginine-con-
ing resolution. The benefit of a resolution giving a taining peptides undergo an elimination of the C-
mass precision of 100 ppm is not evident compared terminal residue. Consequently, a scan of neutral
to a unit mass resolution. For peptide libraries, for C-terminal residue losses will detect all peptides
which degeneracy is higher (due to the redundancy containing both arginine and the given C-terminal
of masses and elemental compositions of amino residue. This method has been successfully used to
acids), the highest reachable specificities are lower control the quality of O1O2X3X4 tetrapeptides

2than a few percent. Winger and Campana [90] have libraries (24 components) [7]. Other MS–MS ex-
shown that the relatively high resolution obtained periments have been used for library analysis [80–
only on magnetic sector or FTMS instruments was 83]. Residual protected peptides can be specifically
not only sufficient to separate lysine from glutamine detected in mixtures of 48 O1O2O3O4O5X6X7X8
components (which differ by 0.036 mass units at m /z octapeptides [87]: neutral loss scan of 56 Da reveals
945) in a small 19 components SIIN-X-EKL library, the presence of Boc protected peptides, whereas
but also to unambiguously identify the glutamic acid neutral loss scan of 309 Da shows Pmc-containing
component at m /z 946, which would be indistin- peptides. Finally, all tritylated peptides will be

13guishable from its C isotopic peaks. Very high detected by a precursor ion scan of m /z 243 (tri-
resolution (which can only be reached with a FTMS phenylmethylium cation). In some cases, missing



J.A. Boutin et al. / J. Chromatogr. B 725 (1999) 17 –37 25

1compounds which were not detected by a direct ESI due to ionic species other than [M1H] (adduct
mass spectrum, could appear with MS–MS experi- ions, multiply charged ions, etc..) are expected. For
ments [83]. However, as noted by Blom [93] for sensitivity reasons, scanning over a complete mass
non-peptide libraries, the prospect of reliably predict- range seems to limit LC–MS to the analysis of
ing MS–MS product ions in libraries made up of moderate size libraries of typically less than 100
thousands of diverse components (one scaffold with components. The selected ion monitoring (SIM)
three diversity points) seems slight. MS–MS is more technique, where just one or few masses are re-
realistically to be considered a tool for extracting corded, can increase sensitivity by two or three

3structure-related families of compounds in libraries orders of magnitude. In a O1X2X3X4 (24 513 824
of moderate size. tetrapeptides) library [85] a peptide known to be

unique at a given mass (i.e. the heaviest peptide) and
2.4. Liquid chromatography (LC) and capillary representing theoretically 4.6 pmol, could easily be
electrophoresis detected with a satisfactory signal-to-noise ratio in

agreement with the ratio obtained with an external
HPLC is certainly of high interest for the charac- standard. Consequently, this LC–ESI-SIM approach

terization of libraries although it is essentially limited can be efficiently used to evaluate the diversity of
to small libraries (e.g., 19 nonapeptides medium to large libraries containing up to thousands
GXATPQDLNT where X is one of the 19 natural components and the limitations are mainly set by the
amino acids, cysteine omitted) [94,95]. Of course, chromatographic performances.
the diversity of libraries containing hundreds to
thousands of compounds is only roughly estimated 2.6. Practical considerations
by HPLC alone [96]. With CE, chain deprotection
and incorporation of amino acids can be checked for From a pragmatic point of view, analyses of

3relatively large peptide libraries. Hence the 24 libraries can be conveniently divided into a first
peptides of the library O1X2X3X4 (net charge from category devoted to the assessment of chemical
25 to 15) could be classified into different classes synthesis and a second one aiming at the description
depending on the theoretical net charge at basic or of the library composition.
acidic pH values and a good correlation was found FTIR spectroscopy allows the progress of some
between peak integration and theoretical population organic reactions to be followed on a single bead
of each class of peptides [7]. [97]. Similarly, magic angle spinning nuclear mag-

netic resonance (MAS-NMR) spectroscopy is very
2.5. LC–MS and LC–MS–MS powerful to give in a non-destructive way, good

quality HMQC and TOCSY data for compounds
The two- or three-dimensional time/mass spectral attached to polymer supports [98]. Direct, real-time

data provided by coupling chromatography and mass monitoring of organic reactions can also be conveni-
spectrometry is obviously the more promising way to ently done by MALDI mass spectrometry especially
characterize libraries. For small libraries containing when photocleavable linkers are used [99]. These
less than 100 components, the sensitivity and spe- analytical performances are also potentially useful
cificity of the mass spectrometric detector combined for the identification of ligands on beads found to
with the separation efficiency of reversed-phase bear an active species in a biological test.
HPLC allow the retrieval of all expected ions as well Both the molecular diversity and the equimolarity
as the detection of non-UV absorbing impurities of a given library are parameters of interest which
[82,86]. By plotting reconstructed ion chromato- can be explored by analytical methods. Mass dis-
grams, the number of compounds, assuming they are tribution is easily described by conventional soft
separated, of any given mass can be counted even by ionization mass spectrometry (see Metzger et al.
coelution of compounds of different mass. This [87], Boutin et al. [7] and Fig. 2) and the presence of
approach is not totally free of artefact peaks: peaks common structural and functional groups can be
due to isotopic contribution of lower m /z and peaks investigated by tandem mass spectrometry. For large
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libraries, selective ion monitoring (LC–ESI–SIM, deconvolution, target and assay types and achieved
vide supra) offers a good quality control of the molecular diversity.
diversity of the library. Equimolarity of the com-
ponents of a given library is generally more difficult 3.1. Deconvolution
to assess. LC–UV can rarely be used due to large
variations of the absorbances of the individual 3.1.1. Iterative SURF
components. 2D–NMR was used [7] to estimate the Finding the needle in the haystack is made pos-
relative amounts of each amino acid in the mixture, sible by the effectiveness of the various deconvolu-
thus also giving a record of the mean incorporation tion techniques among which the simplest and most
of each residue in the peptide sequences. However, robust one is the iterative procedure first proposed by
this very informative procedure, which could be in Furka et al. [5] and popularized by Houghten et al.
principle used for other non-peptide homogenous [6]. This procedure, labelled SURF (synthetic

]
collections, is too complex to be applied on a routine unrandomization of randomized fragments), has been

] ] ]
basis for each new library. concisely described by Freier et al. [102] as follows:

On the whole, it can be seen that a pragmatic ‘SURF deconvolution begins with synthesis of a
strategy has to be adopted in each particular case and nonoverlapping set of mixtures by incorporating a
that a combination of existing analytical methods, unique monomer at a common position of each
among which mass spectrometry plays a major role, subset. The subsets are tested separately and the one
most often leads to an extensive characterization of with greatest activity is identified. A second set of
the synthetic libraries. compound mixtures is prepared with each subset

containing the fixed monomer showing greatest
activity from the previous round. In addition, another
position is fixed with each of the unique monomers

3. Biological analysis to give another set of subsets. The complexity of the
mixture is reduced and the process is repeated until a

The success of the discovery of new pharmaco- unique molecule is identified.’ As can be seen from
logical leads depends on several factors, mainly on Table 1 (column ‘Deconvolution’), a large percent-
the quality of the libraries (which relies on synthesis age of combinatorial work has been done using this
and analysis), the quality of the assay (which relies strategy in which the whole system becomes simpler
on specificity of the target) and obviously, on the while the deconvolution progresses, and as such, can
molecular diversity of the screened libraries. While be described as a purification procedure. Already
the synthetic tools for the generation of combin- after a few years of use, this deconvolution system
atorial libraries and the merits and limitations of the has been extended to non-peptide libraries
various deconvolution techniques have been re- [63,66,69–71].
viewed (see, in particular, Krchnak and Lebl [100], From the point of view of biological evaluation, a

`Felder and Poppinger [101] and Fauchere et al. [11]), striking feature is the high complexity of the mix-
only a few authors have delt with the comparative tures to be tested in the first round, which could
effectiveness of the biological assays in library question the reliability of the results. However,
screening. It is obvious, though, that problems during the search for enzyme inhibitors using tetra-
encountered while screening several thousand com- peptide libraries, we found clear-cut answers in the
pound mixtures (Fig. 1) in biological assays, are first round of screening, as can be also seen from
rather different from those encountered in conven- various published results [33,46]. The most likely
tional radioreceptor binding or enzyme assays. A working hypothesis for such clear results in highly
number of representative examples are gathered in complex mixtures, is that ‘families’ of analogues of
Table 1 which may serve as a basis for the evalua- active compounds are acting in a cooperative way to
tion of the most successful strategies in lead identifi- inhibit the activity. This cooperativity led to apparent
cation. In the following sections, these studies shall massive inhibition, while deconvolution of these
be briefly analyzed in terms of the used tactics of active sublibraries often led to compounds with only
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marginal potency. This apparent discrepancy be- a rather low score when compared to the later
tween theoretical expectations in terms of inhibitor developed techniques such as the positional scanning
potencies calculated from results obtained during the approach or the on-bead assays followed by sequenc-
first round of screening, is indeed explained by this ing. Nevertheless, SURF remains the most trustable
apparent cooperativity. The frustration from appar- technique for large libraries which result from the
ently ‘poor’ results should be compensated by the sequential assembly of building blocks, such as
fact that the structures discovered are unlikely to be polyamide or polynucleotide libraries.
found ex nihilo and constitute a solid and original
basis for new classes of pharmacological agents (see 3.1.2. Positional scanning
Ferry et al., for example [25,103]). In our hands, the Positional scanning [104] is a non-iterative pro-
deconvolution systematically led to novel inhibitory cedure where for each position of the oligomer
structures, despite potencies that were often inferior sequence, a series of mixtures is synthesized with a
to those extrapolated from the first round of test (a different monomer in the fixed position. Each of the
feature also described by Dooley et al., [46]). The mixtures is tested separately and the lead molecule is
possible occurrence of false positives did not abolish deduced by selecting the monomer from the most
the success of deconvolution! active mixture from each position set. In principle, a

This particular deconvolution system can be used single round of screening is required to define the
for the search of enzyme substrates, as for example, most active molecule. In fact, both theoretical [102]
of the S-farnesyltransferase [37]. For substrate and experimental [45,161] evidences have shown
search, the capacity of measuring the presence of one that peptides obtained according to this procedure are
or several substrates in the initial mixtures is difficult not necessarily the most active structures. However,
due to technical problems. Indeed, in transferase in practice, since several building blocks (amino
assays, the substrate is enzymatically modified as acids) can give comparable activity in a given
opposed to inhibitors which only modulate the position, the synthesis of a number of oligomers
enzyme activity. The search for substrates is made (peptides) may be necessary to obtain a highly active
possible by indirect methods of measurement, for lead (e.g., if two amino acids give positive responses
instance, of the disappearance of the cosubstrate of a at each position in a hexapeptide library, 64 peptides
transferase reaction. In several sets of separate will have to be synthesized and screened). In addi-
experiments with different transferases in which the tion, since the contributions of each position to the
effects observed in the first round of deconvolution overall activity are not independent, there is no
(tetrapeptide libraries of less than 6000 compounds), reason to think that the most active oligomer will be
had poor amplitude, statistical significance was as- found. This fundamental problem is only partially
certained by increasing the number of independent reduced when a two-positional scanning is performed
measurements. Based on at least 20% difference in [104] or when a domino overlap of the ‘active’
consumption of cosubstrate compared to the control, segments is followed [105]. Another concern about
identification of new substrates was achieved [37]. It the unavoidable coupling of mixtures of incoming
therefore appears that the most important part of the amino acids has been raised [79], and demonstrated
screening process of libraries (mixtures) is the tech- to lead to uneven representation of the goal products,
nology used for the very first round, even if the assay due to different coupling kinetics. Nevertheless,
is repeated several times. However, working on positional scanning is still often used for the benefit
about 20 targets for the last 3 years, we failed to of starting all the syntheses simultaneously and of
obtain ligands on only two occasions, although in avoiding the mix and divide steps which are not
some successful cases, the obtained ligands were of available in most of the automated apparatus for
modest potency [25]. parallel synthesis, or for the purpose of synthesizing

Table 1 gathers some representative publications very large libraries [15] which could not be obtained
dealing with the biological screening of libraries. without coupling of mixtures. Positional scanning
Fourteen, out of 67 examples, used the iterative has led to interesting data on protein /protein interac-
deconvolution system described above (SURF) [5,6], tions reported by Songyang et al. [49–51], a break-



28 J.A. Boutin et al. / J. Chromatogr. B 725 (1999) 17 –37

through in the understanding of the phosphopeptide / from a single assay. On the other hand, the main
SH2 domain interaction, as a key step in second challenge linked to this technology is the fact that
messenger biochemistry. Nevertheless, because the once recognised, the positive bead should be ana-
completeness of the library obtained by mixture on lyzed to allow the structure of the active compound
mixture coupling in solid-phase synthesis is far from to be determined, a problem solved by sequencing
the theory [79], there is no guarantee that all the only for natural peptide (or oligonucleotide) se-

]
possible peptides interacting with a given structure quences.
will be documented. In other words, other sequences
might be discovered, beside those described by 3.1.4. Spot synthesis and screening
Songyang et al. [49–51], which interact in a similar Frank described the synthesis of libraries on a
way. cellulose-based matrix [108]. This technique can be

used for the synthesis of both collections of in-
3.1.3. On-bead screening of one-bead-one-peptide dividual peptides or peptide libraries. For the latter
libraries purpose, one or several mixture on mixture coupling

When, in contrast to soluble libraries, biological step(s) are involved, raising again the problem of
detection is performed with the ligand still attached variable coupling kinetics of the incoming residues.
on the solid support, deconvolution of one bead-one The spatial deconvolution used in this methodology
peptide libraries is avoided (for reviews, see Refs. efficiently retrieves individual sequences in large
[106,107]). In most cases, no experimental evidence libraries. Indeed, despite the apparently strong de-
demonstrates the completeness of the libraries. Fur- generation of these libraries (several millions of
thermore, this technique requires a methodology to individual compounds, see Ref. [108]), the only
identify the lead by eye either under the microscope feature that is really looked at is a fixed region of
in a ELISA-type assay [10], by death cell in an usually two [109], sometimes six residues [110], all
antimicrobial assay [72] or after impression of a constructed from 17 amino acids building blocks.
photographic film [40] by a labeled enzyme sub- The library is arranged in such a way on the paper
strate. While some assays are relatively easy to use sheet, that columns represent one fixed position
under those conditions, as for protein kinase sub- while rows represent the other [108] and therefore,
strates [34,39], they are less easily performed when positive spot identification in a relevant assay reveals
inhibitors are searched for. Indeed, immobilized the active sequence immediately. A weakness of this
peptides can interact with the enzyme and inhibit the powerful technique is that it is impossible to ana-
reaction, thus leading to an observed diminution of lytically determine the nature of the mixture spotted
the net catalytic activity compared to a control on the paper sheet and that the success of the
reaction. However, in contrast to soluble libraries synthesis has to be taken for granted despite already
where a programmed deconvolution retrieves the critized mixture on mixture coupling step [79]. Apart
active ligand, it is almost impossible to find a way to from protein kinase A [31], this technique might be
positively identify a bead carrying the enzyme-inhib- conveniently applied to the discovery of substrate
iting peptide. The only cases for which that might be consensus sequences of many protein-maturating
feasible are when the enzyme is finally immobilized enzymes such as metalloproteases, acyl-transferases
on the bead carrying the active peptide [47,106]. or N-myristoyltransferases for which long sequence
Once again, a large number of successful studies substrates (octa- to decapeptides) are required.
using ligands immobilized on beads have been
reported in the literature (reviews by Lebl et al. [106] 3.2. Assays and targets
and Lam et al., [107]). This approach has some clear
advantages, among which the fact that components The success of screening process of complex
of the library are spatially separated, and therefore (peptide) libraries depends not only on the presence
all the peptides can be tested at the same time, under of potent ligands in the library, but also on the
the same conditions. Therefore, compounds with biological assay system. As a rule, the first screening
completely different motifs can be identified at once test should be experimentally easy to perform and
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the biological activity clearly detectable. Such con- of enzymes. Such studies requiring the use of
ditions are generally met in ELISA (UV absorbance numerous individual substrate compounds (see for
detection), SPA (fluorescence), radioreceptor assay examples: UDP-glucuronosyltransferases [114], N-
(radioactivity). More importantly, the measured ef- myristoyltransferase [115], tyrosine protein kinase
fect should be clearly assignable to the molecular [116], S-farnesyl- and geranylgeranyltransferases
target aimed at. From this point of view, assays [117,118]), are often impaired by the high cost and
performed on an isolated enzyme are highly specific the difficulty in obtaining or synthesizing discrete
and likely to reliably identify inhibitor or substrate series of individual compounds. Even data on exten-
ligands when used for the deconvolution of large sive series of tyrosine protein kinase [119] or N-
libraries. The same enzymatic assays, when per- myristoyltransferase [120] substrate sequences did
formed on whole cells [111] are more difficult to run not lead to the knowledge of consensus sequences
even if the molecular target is the same, due to the [essentially because the structure of the substrates
complexity of the cellular system. Potential problems studied were non-continuous]. Combinatorial li-
may arise from cell penetration, access to the target braries can now afford complete collections of
or interaction with other cellular components. The sequences and provide essential and continuous
search for antagonists of G-protein-coupled receptors information on enzyme specificities [37]. The ex-
is generally performed in binding experiments in perimental limitations of specificity studies comprise
which subtype and species specificities can be in- the use of natural mixtures of isoenzymes (as op-
sured by using cloned receptor preparations. The posed to purified single proteins). Indeed, the en-
search for receptor agonists can sometimes occur on zymology of isoenzymes acting together at the same
acellular membrane preparations in which the pro- time on a common substrate is too complex (e.g.
duction of second messenger [112] or the activity of UDP-glucuronosyltransferases, [121]), to insure a
the GTPase [113] are estimated. For library screen- safe deconvolution process.
ing, this identification of agonists would be more For screening enzyme substrates among a popula-
convenient using simple in vitro experiments than tion of candidates (essentially peptide structures), the
bioassays on isolated tissues (e.g. in which the following approaches seem to be usable. (1) Im-
stimulation of contractions of the tissue is measured) mobilization of the families of substrates (as in Refs.
or on cultured cells, since several synergic mecha- [31,34,35]), either on beads or on cellulose sheets,
nisms may mediate the observed effect, thus leading but followed by resynthesis and deconvolution or in
to ambiguous interpretation of the results, and to some cases, the bead bearing the enzymatically-
possible false positives during deconvolution. Final- transformed substrate can be identified by direct
ly, selection of active compounds by injection of sequencing, for instance, as a result of the transfer by

32 32complex libraries in the whole animal (rabbit) fol- a protein kinase of a [ Phosphate] from [ P]-g-
lowed by the observation of a pharmacological effect ATP onto the immobilized substrate, the bead be-
(decrease of blood pressure), although suggested, comes radiolabeled, can be spatially localized (see
seems unreasonable. Ref. [40]) and sequenced. Other examples could

include the enzymatically-catalyzed transfer of
33.2.1. Catalytic targets: the enzymatic assays [ H]acetyl moiety from acetyl-CoA by acetyltrans-

3 3When using the measurement of the activity ferases, [ H]farnesyl or [ H]geranylgeranyl residues
catalyzed by pure or partially purified enzymes for from their pyrophosphate counterparts . . . . The
the deconvolution of large libraries, there is a high easiest techniques include peptide-modifying trans-
probability to find a hit substrate or inhibitor ferases. Other, more sophisticated techniques might
[24,25,29,30,34,37], although some of these hits may be used such as biased immobilized libraries com-
show low activity, typically in the millimolar range. prising two fluorescent residues able to quench each

other and borne by a family of peptide potentially
3.2.1.1. Substrates. Thanks to the combinatorial substrate of a given protease (see Ref. [122], for
methods, it is now possible to do systematic and example). Suppression of the quenching effect and
comprehensive studies of the substrate specificities appearance of the fluorescent signal, permit to iden-
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tify the bead carrying the relevant substrate. Alter- apparent Ki values. Similarly, the differential screen-
natively, libraries N-terminally derivatized by a ing of libraries on several targets in order to obtain
fluorophore would also, after enzymatic cleavage, selective inhibitors might be a difficult task. Selec-
permit either the identification of the active bearing tivity should be gained using a sequential approach,
bead or of the active-containing sublibrary during the first by selecting a ‘main’ target and then, once a
deconvolution process. compound is identified, by using secondary targets

(2) Indirect measurement of the reaction, for against which poor activities of the selected com-
instance by estimating the amount of cosubstrate (in pound(s) will be preferred as reported for selected
a transfer reaction) comsumed during the catalytic panels of kinase inhibitor studies [126,127].
reaction and the use of this assay to find new Although technically amenable to all kind of
substrates (e.g. S-farnesyltransferase, [37]). Other combinatorial libraries (immobilized as well as
examples might include enzymes using coenzyme A soluble), inhibition studies will be preferentially but
derivatives as cosubstrates of a transfer reaction. not exclusively conducted using cleaved soluble
Generally, cosubstrate measurement can be used as a libraries, especially because immobilized (on beads
marker of an enzyme-catalyzed reaction, as long as or on sheets) libraries-mediated inhibitory activity
the decrease in cosubstrate can be specifically linked could be impaired by the spatial hindrance of the
to the catalytic reaction. Cosubstrate disappearance support. For bead-released libraries, the screening
should be easily followed by any robust assay. techniques used are similar to those used with
Furthermore, specificity studies could be conducted soluble libraries. Further possibilities, though, are
using xenobiotic metabolizing enzymes such as offered with double-cleavable linkers as reviewed by
UDP-glucuronosyltransferase, glutathione-N-trans- Lebl et al. [106].
ferase, cytochrome P450, sulfo-transferases . . . , by When using immobilized inhibitors, it is crucial
using non-peptidic structures immobilized on beads. that the binding of the enzyme on the inhibitor on the
Indeed, most of these enzymes are using cosub- bead is strong enough to stabilize the enzyme/ inhib-
strates, the consumption of which can be again easily itor complex (as described for carbonic hydrase,
followed. [68]). Only then might the bead bearing the active

As reported in Table 1, the peptide specificity inhibitor and the enzyme be positively recognized by
studies were conducted mainly on transferases an antibody against the enzyme and the inhibitor
[37,42], kinases [29,30,39–41] and phosphatase [38]. peptide immobilized be sequenced. Obviously, (non-

spatially arranged) one-bead-one-peptide libraries
3.2.1.2. Inhibitors. An important purpose of com- cannot easily be used for inhibitor studies, as also
binatorial libraries is to provide the pharmacologist suggested by Lam’s review [107] where one only
with vast numbers of compounds to be screened on such example is given [128]. Although not yet
enzyme activity [123]. Using a mixture of com- reported in the literature, immobilized libraries,
pounds might be a source of problems because spatially arranged as in the SURF methodology,
several inhibitors are potentially present at the same could also be used for inhibitor discovery implying a
time. The kinetics of inhibition of an enzyme activity deconvolution process.
by several inhibitors as described by Chou and Inhibition studies have been conducted mainly on
Talalay [124,125], shows a high degree of complexi- proteases [24–26,28], tranferases [33,35], phosphat-
ty and does not follow a classical Michaelis–Menten ases and kinases [27,31,32,34].
law. Therefore, IC50 or Ki determinations using
compound mixtures at early stages of deconvolution 3.2.2. The non-catalytic targets: the binding assays
are elusive. Those determinations sometimes Besides antigen–antibody binding (the most fre-
attempted in order to predict the potency of the quent and probably most sensitive technique of
inhibitor in the mixture of tested compounds assum- binding), and radioreceptor binding assay, the affini-
ing only one compound is responsible for the ty between proteins such as SH2 domain /phos-
inhibitory activity of the mixture and lead to too high phorylated peptide interactions have also be consid-
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ered for the deconvolution of peptide libraries niques combined to radioreceptor assays therefore
(Songyang et al., [49–51]). provide a powerful tool to discover new receptor-

binding entities.
3.2.2.1. Receptor binding. Most receptors are dy-
namic transmembrane proteins with binding capaci- 3.2.2.2. Protein–protein Interactions. More and
ties and no catalytic (transforming) capacities. G- more evidences demonstrate the key role played by
protein-coupled receptors are frequent targets of protein–protein interactions in biochemical pro-
pharmacological screening. Surprisingly, there are cesses. Examples include phosphorylated protein
only a few reported examples of such a screening interacting with SH2 domain [131], the polyproline /
with peptide combinatorial libraries WW module [132], seven transmembrane domain
[43,45,46,48,129]. Cloned receptors of interest, ex- receptors and G-proteins [133,134] receptor homo-
pressed at an artificially high concentration (.1 dimerization [135,136] or heterodimerization [137],
pmol /mg of protein) will be preferred over naturally as well as a cascade of events forming the third
expressed ones (e.g., using a ‘natural’ source of EGF messenger pathway downstream receptors as de-
receptor overexpressed in A431 cell line, or the cell scribed in many reviews (see for example Ref.
line KANT-S as source for neuropeptide Y receptor [138]).
subtype 2). Receptor binding assays will not dis- The use of peptide [139,140] or of protein (arrest-
tinguish agonists from antagonists. The situation is in, [141]) ligands for identifying these pathways has
less marked for enzymes, where the rare activators started to be described in the literature. Songyang et
should not impair the discovery of potent inhibitors. al. [49–51] published a series of impressive studies
However, in displacement assay, there is no problem dealing with phosphopeptides recognized by SH2
in using a mixture of compounds (virtually agonistic domain-bearing proteins in which they showed an
as well as antagonistic compounds). Indeed, either of interesting and general way to use fusion proteins to
them will be selected of the basis of a shift of the screen directly the phosphopeptide libraries.
receptor ligand binding to the contrary of at least one The target protein is cloned and expressed as a
claim in the literature [130]. As a proof, we studied protein fused at the C-terminus of glutathione N-
the behaviour of artificial compound mixtures in a transferase. The protein–protein association is mea-
binding assay. In brief, we chose 50 inactive com- sured by specific antibodies against the second

25pounds (IC50.10 M) issued from our HTS protein. Peptides impairing this protein–protein in-
program on melatonin receptors. We selected five teraction lead to a decreased antibody recognition of
active compounds with a potency on the same the second protein. Another conventional SURF

28 212receptors ranging from 10 to 10 M (IC50). deconvolution step is required.
Those compounds were individually mixed with an The immobilized protein can serve as an affinity
equimolar pool of the 50 inactive compounds, lead- chromatography matrix for the peptides applied on to
ing to five pools of 51 compounds each. These pools the column. The retained peptides are identified by
were tested using a displacement binding assay with sequencing . It does not seem possible to easily use

125[ I] 2-melatonin from the cloned human mt1 peptide libraries immobilized on beads in these type
receptor. The results clearly led to IC50’s of the of experiments.
same order of magnitude than the pure compound,
suggesting that within the limits of these experi- 3.2.2.3. Antigen–antibody interactions. The anti-
ments, active compounds can be identified by de- body recognition of an antigen is the most powerful
convolution among a mixture of inactive chemicals molecular detection method to date essentially due to
(J.A. Boutin, C. Lahaye, J.P. Nicolas, unpublished the high specificities and affinities observed. The
observations). Likewise, this is due to the nature of pioneering work on peptide libraries of Geysen et al.
the binding measurements which are highly selective [9] was indeed dealing with this technique. Since
and the radiochemicals used, potent ligands with Ki libraries are mixtures of low concentration com-
in the low nanomolar range. Library-based tech- pounds, to fish out a single, specifically recognized
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structure requires a powerful technique. Many exam- Class I. The assay involved cell treatment with the
ples of such studies have been reported in the library for 24 h., followed by the treatment of the
literature ([6,15–22,110], see also further references cells with an FITC-labeled antibody (B8.24.3) recog-

bin [107]), with the aim of detecting non-contiguous nizing the conformationally intact K protein. Such
amino acid sequences that form the antigen recog- an analysis was done by flow cytometry and led to
nized by monoclonal antibodies. the discovery of Arg-Gly-Tyr-Val-Tyr-Gln-Gly-Leu

peptide [55]. Further studies using a similar cell-
3.2.3. Cell-based assays based assay were reported [144].

Cellular-based assays are easy to use with mix- In spite of their complexity, it is obvious that such
tures, as long as cell death is the parameter measured assay systems are practicable and have already led to
in such experiments, as in cytotoxicity [72,142]. new active compounds. The key element of those
Other cell-based assays in which hormone or cyto- cell-based assays seems to be a rigourous assessment
kine-mediated cell survival or induced endobiotics of the system.
production are estimated, are difficult to run, poorly
reproducible, probably due to active compounds
acting by complex unknown mechanisms. A number 4. Diversity covered
of individual enzymes or receptors may be involved
in a single functional chain of events in the whole As already stated in the present review, com-
cell. For instance, when the second messenger binatorial chemistry has revolutionized medicinal
production or other effects downstream the receptor chemistry by speeding up the generation of molecu-
activation are the measured parameters, the library lar entities among which a biological test will select
components might interact with the receptor itself (at leads as potential drug candidates.
various sites, with various effects), its coupling with
the G-proteins, the signal transduction of G-proteins 4.1. Libraries for lead generation
to their respective partners (such as ras, GAP, SFT,
src, MEK, MAPK, MAPKK, etc.) and with the Libraries for lead generation have been described
ultimate protein signal as for example the nuclear from dipeptides [145] to pentapeptides [54] con-
protein c-fos. taining from a few dozen to trillions [15] of com-

Nevertheless, functional assays of a-melanot- pounds. Several reasons are in favour of a limitation
ropine (MSH) or bombesin receptors such as the of the sequence length to the hexapeptide size in
pigment granule aggregation assays run on peptide libraries. Firstly, this length is believed to be
melanophore cells in culture have been described sufficient for proper epitope recognition [146], at
[56–58]. Change in color being the measurement least for a free peptide in solution (as opposed to a
parameter, these experiments led after the deconvo- bead-linked peptide). Secondly, shorter segments are
lution to a tripeptide, trp-Arg-Leu-NH , [58], or recognized by G-protein-coupled receptors, as sug-2

Met-Pro-phe-Arg-trp-Phe-Lys-Pro-Val-NH [57] with gested by Ariens [147], or are convenient leads2

remarkable antagonist activities. Examples are given (substituted dipeptides) for chemical optimisation
when topic treatment of the animal (xenopus) skin [145]. Thirdly, calculations based on a Poisson
with these peptides can be read in vivo [58]. distribution of the amount of resin needed to insure

After transiently expressing the bombesin receptor proper representation of each individual peptide after
into melanophore cells, the functional signal me- the mix and divide procedure, result in gram quan-
diated by the bombesin receptor was then linked to tities in each reactor for hexapeptides, while unprac-
the melanosome translocation [143] and this model ticably higher quantities of resin would be needed for
used for the deconvolution of heptapeptidic agonists hepta- or longer peptides [13]. Those libraries are
such as Ala-Trp-Val-Gly-His-Leu-Met-NH [56]. mostly constructed with proteogenic amino acids2

Two other reports deal with peptide library-mediated (see for example Ref. [15,36,23,43]) or with addi-
analysis of the structural requirements for peptide tional non-natural amino acids [33,37]. Since obvi-
binding to the major histocompatibility complex ously, some of the structural information encoded by
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the natural amino acids is redundant, shorter selec- reasons of proteolytic degradation and poor bioavail-
tions based on analysis of their principal components ability, the evaluation of the molecular diversity of
can be used, sometimes even including non-natural compound collections has become current practice,
amino acids [22,148,149]. Using this bias, one can in order to reduce the number of samples and of
build up larger libraries containing less letters but biological assays and still keep an optimized cover-
longer words (e.g. eight amino acids would allow age of the functional and conformational molecular
octapeptide libraries to be reliably obtained on gram diversity. A number of methods have been described
amounts of resins per reactor (see Refs. [13,106] for to characterize the molecules in real or virtual
calculation). libraries on the basis of 2D-fingerprints, 3D-phar-

macophores or other classical lipophilic, steric and
4.2. Biased libraries for lead optimisation electronic properties [152–155]. Selection of repre-

sentative molecules on this basis, is likely to enlarge
Biased libraries for lead optimisation generally the diversity covered by the same number of mole-

bear a key pharmacophore residue around which the cules, compared to a random selection.
rest of the library is constructed. Examples of
constant building blocks are tyrosine [39] or serine /
threonine [31,34,41] for protein kinase targets, phos- 5. Conclusions
photyrosine for protein /protein interaction [49–51]
and for tyrosine phosphatase studies [38], or the As stated by many authors, the immense develop-
cysteine in CAAX box-bearing substrates of S-far- ment of combinatorial chemistry opens new research
nesyltransferase [37]. Similarly, other libraries have areas, and saves time and money in the finding of
been built around a cinnamyl moiety [27] or the new leads. It also stimulates the development of
phosphonic acid derivatives [63]. Libraries of cyclic upcoming analytical techniques such as LC–NMR
peptides [61,150] are also convenient means to look [156–158], solid-phase HR-MAS NMR [98] . . . .
for conformationally restricted ligands which could Combinatorial chemistry has certainly opened new
serve as models for the design of peptide mimetics. avenues for new concepts and new approaches of
Finally, a number of libraries have been constructed analysis as discussed by Czarnik [159]. Whether new
on a common centroid scaffold, such as triazine [74], drug types or new therapeutic areas will also result
purine [126], or piperazine [68] for which the form this technology remains to be demonstrated (for
corresponding expertise in organic chemistry is larger discussion, see Myers [160]). We believe that
available. combinatorial chemistry will nicely complement the

Despite the great progress achieved in the pro- currently available tools in biological research, in-
duction of large numbers of compounds by com- cluding the techniques involving large numbers of
binatorial or parallel synthesis, the question of the unique compounds (see Table 2). Besides extending
coverage of the available chemical space is increas- considerably the synthetic means to generate molecu-
ingly being discussed. It has been demonstrated that lar diversity, combinatorial chemistry has brought
the exploration of 3D-chemical space is easily new challenges for the scientist. The analytical
obtained with peptides of at least the hexapeptide chemist has been compelled to face the qualitative
size, despite the rigidity of the peptide bond [151]. A and quantitative evaluation of complex mixtures or
comparable conformational diversity is difficult to the structural elucidation of 100 pmol amounts of
achieve with heterocyclic libraries such as benzo- ligands on a single bead. The biochemist is now
diazepine, hydantoin or steroid libraries. In addition, confronted with large numbers of samples produced
the chemistry of the amide bond formation being by parallel synthesis which requires high throughput
rather simple, the synthesis of peptides on solid- screening strategies, or with the testing of mixtures
phase very efficient and the diversity of the func- generated by combinatorial synthesis which call for
tional groups rather high, peptide libraries are still an robust deconvolution procedures. While library
attractive source of ligands for new biological screening is of little value to establish structure-
targets. When leaving the peptide field for obvious activity relationships, among the library congeners,
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Table 2
Comparative qualities and defaults of libraries obtained from combinatorial or parallel syntheses

Combinatorial synthesis Parallel Synthesis

Synthesis In reactors (typically 24 to 36) In plates (96,384 wells and beyond)
(solid-phase) (solution or solid-phase)

Number of compounds From ca. 330 000 (reasonable) Limit set by the number of building blocks
12to over 10 (unreasonable) and the manageability of plates

Biological system Simple (and highly specific) Might be complex (including in vivo)
Screening Highly throughput not necessary Highly throughput required
Molecular diversity Via the number of compounds Via the variable structures

in the mixture of building blocks
Special requirement Synthesis can be manual or robotic Synthesis automated

[3] S.R. Wilson, in: S.R. Wilson (Ed.), Combinatorial Chemistry,the way from the hit, to the lead and finally to the
John Wiley and Sons, New York, 1997, p. 1.drug candidate requires the classical expertise of the

[4] R.W. Sullivan, C.G. Bigam, P.E. Erdman, S.S. Palanki, D.W.organic chemist including QSAR and molecular
Anderson, M.E. Goldman, L.J. Ransome, M.J. Suto, J. Med.

modeling for ligand optimisation. Parallel synthesis Chem. 41 (1998) 413.
of analogues is a convenient way to accelerate this [5] A. Furka, F. Sebestyen, M. Asgedom, D. Dibo, Int. J. Pept.

Protein Res. 37 (1991) 487.process too, especially if it is combined with an
[6] R.A. Houghten, C. Pinilla, S.E. Blondelle, J.R. Appel, C.T.efficient analytical throughput such as LC–MS.

Dooley, J.H. Cuervo, Nature 354 (1991) 84.Although the major trend is towards the synthesis
[7] J.A. Boutin, P. Hennig, P.H. Lambert, S. Bertin, L. Petit, J.P.of large numbers of individual compounds on for-

`Mahieu, B. Serkiz, J.P. Volland, J.L. Fauchere, Anal. Bio-
mats compatible with rapid screening on preliminary chem. 234 (1996) 126.
ELISA, binding or enzymatic assays, compound [8] W.L. Finch, Ann. Rep. Combin. Chem. Mol. Divers. 1

(1997) 59.mixtures of variable size obtained by truly com-
[9] H.M. Geysen, S.J. Rodda, T.J. Mason, Mol. Immunol. 23binatorial synthesis are still a valuable means to

(1986) 709.reduce the number of biological tests provided
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